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PEMFCs	 operating	 at	 low	 current	 densities.	 The	 open	 circuit	 losses	 can	 be	
disaggregated	 into	three	distinct	contributions:	mixed	potential,	hydrogen	crossovers	
and	internal	short-circuits.	The	aim	of	this	work	is	to	obtain	a	model	for	the	anodic	and	
the	 cathodic	 pressure	 effects	 on	 the	 hydrogen	 crossovers	 and	 the	 internal	 short-
circuits	in	a	commercial	PEMFC.	In	order	to	achieve	this	goal,	the	hydrogen	crossovers	
and	the	internal	short-circuit	were	measured	experimentally	on	a	commercial	PEMFC	


















cell,	 by	 tackling	 the	 different	 irreversibilities	 that	 reduce	 its	 power	 density	
performance	[3].	These	irreversibilities	are	commonly	known	as	voltage	drops	or	over-
potentials.	 The	 Nernst	 potential	 of	 an	 individual	 PEMFC	 is	 the	 theoretical	
thermodynamic	open	circuit	cell	potential	that	would	appear	between	the	terminals	of	
a	 PEMFC	 working	 under	 certain	 conditions,	 and	 supplying	 no	 current	 (in	
thermodynamic	 equilibrium).	 However,	 the	 experimental	 open	 circuit	 cell	 voltage	 is	
lower	than	the	Nernst	theoretical	potential.	This	voltage	difference	is	known	as	open	
circuit	 voltage	 loss.	 These	open	circuit	 losses	 significantly	affect	 the	efficiency	of	 the	
cell,	particularly	 for	cells	working	at	 low	current	densities,	where	these	 losses	have	a	
more	significant	effect	[4].	
	
The	open	 circuit	 losses	 involve	 three	different	 phenomena:	 the	mixed	potential;	 the	






potential,	 composed	 by	 the	 potential	 of	 the	 cathodic	 half	 reaction	 O2/H2O	 and	 the	
potential	of	the	anodic	half	reaction	Pt/PtO.	This	causes	a	potential	drop	compared	to	
the	 pure	 platinum	 catalyst	 layer	 situation.	 This	 phenomenon	 is	 known	 as	 mixed	
potential	[4].	
	




one;	 and	 oxygen	 and	 nitrogen	 from	 the	 cathodic	 compartment	 to	 the	 anodic	 one.	
However,	in	practice,	the	only	relevant	gas	crossover	is	the	hydrogen	crossover,	since	







Finally,	 even	 though	 the	 PEM	 membrane	 is	 an	 electron	 nonconductive	 membrane,	
some	 electrons	 can	 pass	 through	 the	 membrane,	 creating	 internal	 short-circuit	
currents	[5].	
	
Both,	 the	hydrogen	 crossover	 and	 the	 internal	 short-circuit	 currents	have	equivalent	
effects	on	 the	PEMFC	performance:	 a	 smaller	number	of	 electrons	 flow	 through	 the	
external	 circuit.	 In	 the	 internal	 short-circuit	 currents	 case,	 the	 electrons	 that	 cross	
directly	 through	 the	membrane	do	not	 flow	 through	 the	external	 circuit;	whereas	 in	
the	 hydrogen	 crossover	 case,	 the	 hydrogen	 diffuses	 to	 the	 cathodic	 compartment,	
where	it	reacts	directly,	and	therefore	two	electrons	that	would	have	flowed	through	
the	external	circuit	if	the	hydrogen	had	been	oxidised	in	the	anodic	compartment,	do	
not	 circulate	 through	 the	external	 electrical	 circuit	 [1].	 These	 losses	are	negligible	at	
high	current	densities,	since	the	hydrogen	permeation	rate	and	the	electrical	 internal	
short-circuit	 currents	 are	 several	 orders	 of	 magnitude	 lower	 than	 the	 hydrogen	
consumption	rate	and	the	electric	current	respectively	[2].	Furthermore,	an	increase	in	





have	 a	 substantial	 effect	 on	 the	 performance	 at	 low	 current	 densities.	 The	 proper	
modelling	of	 these	open	circuit	 losses	 is	 critical	 in	order	 to	achieve	a	model	 that	 fits	
suitably	the	experimental	behaviour	of	the	PEMFC	at	low	current	densities.	
	
The	 general	 approach	 used	 in	 literature	 to	model	 the	 open	 circuit	 losses	 consists	 in	
using	a	black-box	model	that	encompasses	all	three	open	circuit	losses	phenomenons	
[8].	This	kind	of	model	does	not	allow	the	discrimination	of	the	individual	contributions	
of	 each	 one	 of	 the	 open	 circuit	 losses	 phenomenons;	 and	 just	 quantifies	 the	 open	
circuit	losses	as	a	whole.		However,	the	split	of	the	open	circuit	losses	in	the	different	
individual	 contributions	 can	 allow	 a	 better	 understanding	 of	 the	 processes	 involved,	
which	 can	 be	 used	 to	 minimize	 these	 open	 circuit	 losses	 thereby	 increasing	 the	
performance	of	PEMFC	at	low	current	densities.		
	
No	 such	 open	 circuit	 losses	 splitted	 models	 have	 been	 found	 in	 literature.	 Zhang	
measured	 the	 different	 contributions	 to	 the	 open	 circuit	 losses	 [4],	 but	 did	 not	





The	present	work	 intends	 to	partially	 fill	 this	 gap	 in	 literature,	 by	obtaining	 a	model	
that	 discriminates	 between	 the	 different	 contributions	 to	 the	 open	 circuit	 losses.	
Therefore,	the	aim	of	this	work	is	to	experimentally	characterize	and	model	the	effect	













The	 crossover	 phenomenon	 is	 simply	 a	 gas	 permeation	 phenomenon	 through	 a	
membrane.	 Numerous	 techniques	 have	 been	 developed	 for	 in	 situ	measurement	 of	
gas	 permeation	 rates	 through	 polymeric	membranes,	 in	 various	 fields	 of	 application	




The	 only	 in-situ	 gas	 permeation	 rate	 measurement	 methods	 that	 can	 measure	 in	
parallel	the	PEMFC	internal	short-circuit	currents	are	the	electrochemical	methods	[5].	
Since	 the	goal	of	 this	work	 is	 to	 characterize	both,	 the	hydrogen	 crossovers	 and	 the	




the	 linear	 sweep	 voltammetry	 is	 the	 most	 simple	 and	 straight-forward	 one	 [15].	
Because	of	this,	it	was	the	selected	method	for	the	present	study.	Figure	1	shows	the	
setup	 of	 the	 in-situ	 linear	 sweep	 voltammetry	 method.	 The	 PEMFC	 is	 fed	 with	
humidified	hydrogen	to	the	anodic	compartment;	and	with	humidified	nitrogen	to	the	
cathodic	compartment.	A	known	potential	difference	is	applied	to	the	terminals	of	the	
PEMFC	 using	 a	 potentiostat.	 The	 polarity	 of	 the	 connection	 is	 selected	 properly	 in	
order	 to	 oxidize	 the	 hydrogen	 crossovers,	 when	 they	 arrive	 to	 the	 PEMFC	 cathodic	
compartment.	 Therefore	 during	 the	 in-situ	 measurement	 the	 PEMFC	 cathodic	
compartment	acts	as	anode;	whereas	the	PEMFC	anodic	compartment	acts	as	cathode.	






As	 described	 previously,	 two	 phenomena	 occur	 simultaneously,	 in	 parallel:	 the	
hydrogen	crossovers	and	the	electrical	internal	short-circuits.		Electrically,	the	internal	









	 𝐼 = 𝐼#$ + 𝐼$&'((	 (1)	
	
Where	𝐼	denotes	 the	 total	 electrical	 current	 associated	with	 the	 hydrogen	 crossover	
oxidation	 and	 the	 internal	 short-circuit;	 𝐼#$ 	represents	 the	 internal	 short-circuit	










Where	𝑅#$ 	represents	 the	 short-circuit	 resistance;	 and	𝑈#$ 	stands	 for	 the	 potential	






	 𝐻,$&'(( → 2𝐻
/ + 2𝑒1	 (3)	
	
As	 the	 potential	 difference	 between	 the	 two	 electrodes	 of	 the	 PEMFC	 𝑈$&'(( 	
increases,	 the	 crossovered	 hydrogen	 oxidation	 rate	 also	 increases,	 resulting	 in	 a	
crossover	oxidation	current	 𝐼$&'(( 	increase.	An	intensity	plateau	is	reached	when	all	
the	hydrogen	crossovers	are	oxidized:	a	 limiting	current	 𝐼$&'((2 	is	associated	to	this	
mass	transport	 limitation.	According	to	Faraday’s	 law	of	electrolysis,	 in	the	crossover	
limiting	current	region:	
	
	 𝐼$&'((2 = 𝐴 ∙ 𝑛 ∙ 𝐹 ∙ 𝐽8,	$&'((	 (4)	
	
Where	𝐴	stands	 for	 the	 cell	 effective	 area;	𝐽8,	$&'((	denotes	 the	 hydrogen	 crossover	







In	 this	 section,	 a	 mechanistic	 model	 will	 be	 presented	 for	 the	 hydrogen	 crossovers	
during	PEMFC	normal	operation.	In	normal	operation	the	PEMFC	is	fed	with	humidified	
hydrogen	 in	 the	 anodic	 compartment;	 and	 humidified	 air	 in	 the	 cathodic	
compartment.	As	mentioned	in	the	introduction	section,	hydrogen	crossovers	from	the	
anodic	side	to	the	cathodic	side.	Figure	3	illustrates	the	hydrogen	concentration	profile	
across	 the	 PEMFC	 during	 normal	 operation.	 An	 hydrogen	 concentration	 difference	
exists	 between	 the	 anodic	 and	 the	 cathodic	 compartments;	 and	 since	 the	 MEA	
assembly	 is	 partially	 permeable	 to	 hydrogen	 [6],	 a	 diffusive	 flux	 of	 hydrogen	 is	




Ø Lumped	 model	 in	 the	 gas	 channel:	 reactant	 concentration	 and	 pressure	 are	




Ø 1D	 diffusion:	 diffusion	 only	 occurs	 in	 the	 perpendicular	 to	 the	 membrane	
direction;	
Ø Steady-state	system;	
Ø Isothermal	 system:	 all	 the	 system	 (both	 compartments)	 are	 at	 the	 same	
temperature;	
Ø Ideal	behaviour	of	hydrogen	in	the	system;	
Ø Liquid	water	 transport	phenomena	 interaction	with	hydrogen	transport	 is	not	
considered.	
	








Where	𝐶8;? 	stands	 for	 the	 hydrogen	 concentration	 at	 compartment	 i	 (a:	 anodic	








	 𝑅<1> = 𝑅@A2< + 𝑅$2< + 𝑅BCD + 𝑅$2> + 𝑅@A2>	 (6)	
	
Where	𝑅? 	denotes	 the	 diffusion	 resistance	 of	 layer	 i	 (𝐺𝐷𝐿:	 gas	 diffusion	 layer;	𝐶𝐿:	






	 𝑅<1> = 2 ∙ 𝑅@A2 + 2 ∙ 𝑅$2 + 𝑅BCD	 (7)	
	









Where	𝑙? 	stands	 for	 the	 thickness	 of	 layer	 i;	 and	𝐷? 	denotes	 the	 hydrogen	 diffusion	
coefficient	in	layer	i.		
	
On	 the	 one	 hand,	 the	 gas	 diffusion	 layer	 and	 the	 catalyst	 layer	 are	 porous	 layers	












O 	represents	 the	 hydrogen	 diffusion	 coefficient	 in	 gas	 phase;	𝜀? 	and	𝜏? 	





















The	 literature	 values	 for	 the	 hydrogen	 diffusion	 coefficients	 for	 the	 operation	
temperature,	 and	 the	 properties	 of	 the	 different	 layers	 given	 by	 the	 supplier	 of	 the	
studied	 commercial	 PEMFC,	 are	 listed	 in	 table	 1.	 Using	 these	 parameters	 and	
expressions	 (10)	 and	 (11),	 the	 values	 of	 the	 different	 diffusion	 resistances	 were	
estimated.	 The	 obtained	 values	 were	7.13	𝑐𝑚1W	𝑠1W 	for	 the	 gas	 diffusion	 layer	
diffusion	 resistance;	0.15	𝑐𝑚1W	𝑠1W	for	 the	 catalyst	 layer	 diffusion	 resistance;	 and	
1.83 ∙ 10\	𝑐𝑚1W	𝑠1W	for	 the	 PEM	 layer	 diffusion	 resistance.	 The	 PEM	 layer	 diffusion	
resistance	 is	 several	orders	of	magnitude	greater	 than	 the	other	 two	 layers	diffusion	























The	 transport	 of	 hydrogen	 across	 the	 PEM	 layer	 is	 done	 by	 an	
absorption/diffusion/desorption	 transport	 mechanism,	 typical	 for	 low	 molecular	
weight	 species	 transport	 through	polymers	 [17]:	 these	 low	molecular	weight	 species	
are	more	or	less	soluble	in	the	polymer,	and	therefore,	are	absorbed	by	the	polymer,	
when	 they	 come	 into	 contact	 with	 it.	 Within	 the	 polymer,	 the	 species	 are	 able	 to	
diffuse	into	the	polymer	regions	where	the	specie	concentration	is	 lower.	Finally,	the	
species	are	desorbed.	The	concentration	in	the	surface	of	the	polymer	is	related	to	the	
effective	 hydrogen	 pressure	 on	 the	membrane	 𝑃8;





	 𝐶8;$]< = 𝐾8;BCD ∙ 𝑃8;
∗ 	 (14)	
	
The	 permeability	 coefficient	 𝜓8;












In	 conclusion,	 according	 to	 the	 built	 diffusional	 crossover	 model,	 the	 membrane	
permeation	 coefficient	 is	 the	 parameter	 that	 characterizes	 the	 hydrogen	 crossovers;	








The	experimental	 set	up	 is	 shown	 in	 figure	4.	The	 system’s	main	element	 is	 a	300W	
commercial	 FC	 stack,	 provided	 by	 HeliocentriS,	 composed	 by	 20	 individual	 cells.	 Its	




consists	 in	 a	 heat	 exchanger	 equipped	 with	 a	 continuous	 pump	 and	 a	 temperature	
controller.	 The	 humidification	 system	 consists	 in	 two	 independent	 bubbling	
humidification	 systems,	 with	 humidification	 temperature	 control.	 A	 three	way	 valve	
system	allows	switching	from	non	humidification	to	humidification	mode.	The	reactant	
gases	 flow	 rates	 are	 controlled	 using	 mass	 flow	 controllers.	 The	 reactant	 inlet	
pressures	are	monitored	by	pressure	gauges	and	are	regulated	using	manual	valves.		
	
The	 system	 allows	 to	 control	 the	 FC	 operating	 temperature,	 by	 the	 refrigeration	
system;	 and	 the	 inlet	 gas	 reactants	 humidities,	 by	 the	 humidification	 system.	 The	





The	 linear	 sweep	 voltammetries	were	 performed	 using	 a	 4-terminal	 Autolab®	 302N	
potentiostat/galvanostat,	 controlled	 using	 NOVA®	 software.	 The	 tests	 were	 carried	
out	on	an	individual	cell	of	the	whole	commercial	stack.	The	2-terminal	configuration	is	
required	 to	 perform	 the	 in-situ	 crossover	 rate	 measurements:	 both	 the	 working	
electrode	and	the	sensing	electrode	were	connected	to	the	borne	of	the	nitrogen	fed	






Since	 the	 aim	 of	 this	 work	 is	 to	 study	 the	 compartment	 internal	 pressure	 effect,	
different	compartment	pressures	were	fixed	in	each	experiment.	The	internal	pressure	












internal	 compartment	 pressures	 and	 the	 gas	 flow	 rates	 was	 determined	 in	 initial	
studies	 of	 the	 system.	 Using	 this	 relation,	 the	 compartments	 internal	 pressures	 for	
each	gas	flow	rate	(for	each	experiment)	were	determined,	and	are	shown	in	table	2.	
The	 last	 parameter	 that	 appears	 in	 table	 2	 is	 the	 partial	 hydrogen	 pressure	 in	 the	
anodic	 compartment.	 It	 was	 calculated	 in	 previous	 mass	 balance	 studies	 of	 the	
humidification/PEMFC	 system.	 Therefore	 for	 given	 gas	 flow	 rates,	 at	 constant	




[1].	 Thus	 it	 is	 important	 to	 ensure	 that	when	 the	measurements	 are	 performed	 the	
system	has	 already	 reached	 the	 steady	 state.	 In	 preliminary	 studies	 it	was	 observed	
that	 letting	the	system	work	in	the	experiment	conditions	for	5	minutes,	 insures	that	













experiments.	 It	 can	be	observed	 that	 all	 the	 curves	 have	 a	 similar	 shape:	 two	 linear	
sections	 with	 different	 slopes,	 connected	 by	 an	 inflexion	 point.	 Both	 slopes	 are	
positive;	and	the	slope	of	the	first	stretch	is	higher	than	the	second	section	slope.	This	
shape	 is	consistent	with	 the	electrical	equivalent	circuit	proposed	 in	 figure	2.	On	the	
one	hand,	for	low	applied	potentials	(first	linear	section),	an	applied	potential	increase	
causes	both,	the	short-circuit	current	and	the	hydrogen	crossover	oxidation	current,	to	
increase:	thus	the	measured	current	 increases,	 leading	to	a	positive	slope	 in	the	first	
curve	section.		On	the	other	hand,	for	applied	potentials	higher	than	the	inflexion	point	
potential	(second	linear	section),	an	applied	potential	increase	only	causes	an	increase	
in	 the	 short-circuit	 current;	 since	 the	 limiting	 current	 for	 the	 hydrogen	 crossover	




the	 hydrogen	 crossover	 oxidation	 current	 does	 not	 increase	 further.	 Furthermore,	
since	 the	 second	 linear	 section	 slope	 is	only	due	 to	 the	 internal	 short-circuit	 current	
and	 in	 section	 2.1	 a	 pure	 ohmic	 behaviour	 has	 been	 stated	 for	 the	 internal	 short-
circuits:	 the	 slope	 of	 the	 second	 linear	 section	 is	 the	 inverse	 of	 the	 short-circuit	















Although	 clear	 qualitative	 conclusions	 can	 be	 extracted	 from	 voltammetric	 curves,	 a	
further	 curve	 processing	 must	 be	 done	 in	 order	 to	 be	 able	 to	 extract	 quantitative	












in	 the	 decrease	 of	 the	 internal	 short-circuit	 resistance;	 whereas	 an	 increase	 in	 the	
cathodic	 pressure	 leads	 to	 an	 increase	 of	 the	 short-circuit	 resistance.	 A	 statistical	
analysis	 was	 performed	 on	 the	 short-circuit	 resistance	 results	 to	 check	 if	 the	
graphically	 observed	 tendencies	 were	 statistically	 significant:	 an	 analysis	 of	 the	
variance	 (ANOVA)	 study	was	 done,	 taking	 as	 dependant	 parameter	 the	 short-circuit	
resistance;	and	as	independent	factors	the	anodic	and	the	cathodic	pressures.	ANOVA	
is	a	well	established	statistical	method,	which	is	deeply	explained	in	any	statistics	book	
[19].	 The	 results	 of	 the	 ANOVA	 analysis	 are	 presented	 in	 table	 3.	 The	 p-values	
associated	 to	 both	 factors	 are	 lower	 than	 0.05;	 therefore	 both	 factors	 have	 a	
statistically	 significant	 effect	 on	 the	 short-circuit	 resistance,	 with	 a	95%	confidence	









effects	 on	 the	 contact	 resistance.	 On	 the	 one	 hand,	 an	 increase	 in	 the	 clamping	
pressure	 causes	 an	 increase	 in	 the	 interfacial	 effective	 contact	 area	 between	 the	
surfaces	 in	 contact	 [21],	 causing	 a	decrease	 in	 the	 contact	 resistance.	 	On	 the	other	
hand,	 an	 increase	 in	 the	 clamping	 pressure	 causes	 changes	 in	 the	 porosity	 and	
morphology	of	the	catalyst	and	diffusion	layers	[22],	which	may	result	in	an	increase	or	
a	 decrease	 of	 the	 contact	 resistance,	 depending	 on	 the	 particular	 structural	
characteristics	of	the	system	[23].	
	
The	 short-circuit	 resistance	 can	 be	 assumed	 to	 behave	 as	 a	 contact	 resistance.	
Therefore,	it	can	be	assumed	that	the	gas	pressure	acts	on	the	short-circuit	resistance	
in	an	analogous	manner	to	the	way	the	clamping	pressure	acts	on	the	overall	contact	






the	 gas	 pressure	 is	 lower	 than	 the	 variation	 range	 in	 clamping	 pressure)	 that	 the	
changes	in	the	clamping	pressure,	discussed	above.	
	
In	 short,	 for	 the	present	work	 it	 is	 assumed	 that	 the	 internal	 short-circuit	 resistance	
variations	due	to	anodic	and	cathodic	pressure	variations	are	due	to	the	changes	in	the	
contact	 resistances	 between	 the	 different	MEA	 layers.	 And	 such	 contact	 resistances	




resistance.	 On	 the	 other	 hand,	 an	 increase	 of	 the	 gas	 pressure	 causes	 porosity	 and	
morphological	changes	in	the	catalyst	and	diffusion	layers,	that	can	lead	to	an	increase	
or	a	decrease	of	the	short-circuit	resistance	depending	on	the	particular	characteristics	
of	 the	 PEMFC.	 Depending	 of	 the	 effect	 sign	 of	 the	 second	 phenomenon,	 and	 the	
relative	importance	of	the	two	phenomena,	an	increase	in	the	anodic	or	the	cathodic	
internal	 pressure	may	 results	 in	 either	 an	 increase	or	 a	 decrease	 in	 the	 short-circuit	
resistance.	 However	 this	 is	 only	 a	 possible	 hypothesis	 that	 explains	 the	 observed	
experimental	 data:	 further	 work	 should	 be	 done	 in	 order	 to	 ascertain	 the	 stated	
hypothesis.	
	
The	 above	 model	 is	 consistent	 with	 the	 obtained	 experimental	 results.	 For	 the	
examined	pressure	range,	and	the	particular	configuration	of	the	studied	commercial	
PEMFC:	 an	 increase	 in	 the	 anodic	 pressure	 results	 in	 a	 decrease	 of	 the	 short-circuit	
resistance;	while	an	increase	in	the	cathodic	pressure	leads	to	an	increase	in	the	short-
circuit	 resistance.	 Therefore,	 for	 the	 studied	 commercial	 cell	 and	 the	 considered	
pressure	 range:	 in	 the	anodic	compartment,	 the	 first	phenomenon	 (effective	contact	
area	 increase)	 prevails,	 or	 the	 second	 phenomenon	 (porosity	 and	 morphological	
changes)	 has	 a	 negative	 effect	 due	 to	 the	 particular	 structural	 characteristics	 of	 the	
commercial	PEMFC;	whereas,	in	the	cathodic	compartment	the	second	phenomenon	is	
predominant,	and	due	to	the	structural	characteristics	of	the	commercial	PEMFC,	it	has	
a	 positive	 effect	 on	 the	 short-circuit	 resistance.	 Certainly,	 these	 conclusions	 may	
change	 in	 other	 pressure	 ranges,	 and	 for	 other	 cells	 with	 different	 structural	
characteristics.	
	
The	 mechanistic	 modelling	 of	 these	 phenomenons	 is	 very	 complicated,	 due	 to	 the	
large	amount	of	involved	factors	[20].	Mishra	proposed	a	semi-empirical	model	for	the	
effect	of	the	clamping	pressure	on	the	contact	resistance	[24]:	




Where	𝑅	stands	 for	 the	 contact	 resistance;	 	𝑃	denotes	 the	 clamping	 pressure;	 and	





model,	 is	proposed	 in	 the	present	work	 to	reproduce	the	effect	of	 the	compartment	
pressures	on	the	short-circuit	resistance:	
	 𝑅#$ = 𝛼 ∙ 𝑃<1hi ∙ 𝑃>1hj 	 (17)	
	
Where	𝛼, 𝜃<, 𝜃> 	are	the	model	parameters,	equivalent	to	the	𝐴, 𝐵, 𝐶	parameters	of	the	
Mishra’s	model.	
	
Using	 the	 least	 squares	 fitting	 method,	 the	 above	 model	 was	 adjusted	 to	 the	
experimental	points,	obtaining:	
	
	 𝑅#$ 𝛺 = 3.09 ∙ 𝑃< 𝑎𝑡𝑚 1n.op ∙ 𝑃> 𝑎𝑡𝑚 q.pr	 (18)	
	
The	model	predictions	are	represented	in	figure	6.	It	can	be	observed	that	the	model	is	
able	 to	 properly	 reproduce	 the	 trend	 of	 the	 experimental	 point	 cloud;	 and	
conveniently	fits	the	experimental	points,	as	evidenced	by	a	determination	coefficient	
of	94.36%.	Therefore,	 the	proposed	model	can	be	considered	to	model	properly	the	




exponential	 term	 associated	 to	 the	 cathodic	 pressure	 is	 positive:	 an	 increase	 in	 the	










Secondly,	 the	hydrogen	 crossovers	were	 characterized.	 The	 first	 step	 to	 characterize	
the	 crossovers	 is	 to	 determine	 the	 limiting	 oxidation	 current	 contribution	 for	 each	
17	
	
applied	potential.	As	 it	was	explained	 in	 section	2.1,	 the	 total	measured	 current	has	
two	contributions:	the	short-circuit	current	(with	an	ohmic	behavior)	and	the	crossover	
oxidation	current.	Therefore,	since	both	currents	(the	measured	current	and	the	short-
circuit	 current)	 are	 known,	 they	 can	 be	 used	 to	 calculate	 the	 crossover	 oxidation	
current	for	each	experimental	point.	Combining	(1)	and	(2):	
	











current	 curves	 show	 the	 typical	mass	 transport	 limited	 current	 pattern:	 the	 limiting	
current	can	be	determined	as	the	asymptotic	value	of	the	curve.	A	clear	trend	can	be	
recognised	 in	 figure	 7:	 for	 higher	 hydrogen	 flow	 rates	 (higher	 anodic	 pressure)	 the	




The	 low	nitrogen	 flow	 rate	experiment	 curves	 show	 the	 same	 trend.	 Figure	8	shows	
the	comparison	of	the	crossover	oxidation	current	plots	for	the	4	𝑁𝐿	𝑚𝑖𝑛1W	hydrogen	
flow	 rate	 experiments,	 for	 both	 nitrogen	 flow	 rates.	 No	 discernable	 effect	 of	 the	
nitrogen	 flow	 rate	 (cathodic	 total	 pressure)	on	 the	 limiting	 current	 (and	 thus	on	 the	
hydrogen	crossovers)	can	be	observed	neither	in	figure	8,	nor	in	the	comparison	of	the	
curves	obtained	for	both	nitrogen	flow	rates	for	the	rest	of	hydrogen	flow	rates.	The	
fact	 that	 the	 cathodic	 pressure	 does	 not	 have	 a	 significant	 effect	 on	 the	 hydrogen	




its	 corresponding	 hydrogen	 crossover	 oxidation	 curve.	 In	 parallel,	 for	 validation	
purposes,	the	inflection	point	current,	which	is	related	with	the	mass	transport	limiting	
current,	 was	 determined	 directly	 from	 voltammetric	 curves	 using	 the	 Cowan-Brown	
















each	 experiment.	 The	 obtained	 hydrogen	 crossover	 fluxes	 for	 the	 different	 internal	
pressures	 are	 represented	 in	 figure	 10	 versus	 the	 anodic	 hydrogen	 partial	 pressure,	




the	hydrogen	 crossover	 flux.	 This	 is	 consistent	with	 the	observations	 extracted	 from	
the	 hydrogen	 crossovers	 oxidation	 current	 curves.	 Furthermore,	 a	 linear	 trend	 is	
observed:	 the	 hydrogen	 crossover	 flux	 seems	 to	 increase	 linearly	 with	 the	 anodic	
hydrogen	partial	pressure.	
	










117	membrane	 thickness	 is	183	𝜇𝑚.	 Introducing	 this	 value,	 the	 calculated	 crossover	
flux	and	the	anodic	hydrogen	partial	pressure	for	each	experiment,	in	expression	(21)	
the	 value	 of	 the	 membrane	 permeability	 constant	 was	 determined.	 The	 obtained	
values	for	each	experiment	are	shown	in	figure	11.	
	
No	 distinguishable	 patterns	 appear	 in	 the	 representation	 of	 the	 membrane	







statistically	 significant	 effect	 on	 the	 permeation	 coefficient,	 with	 a	95%	confidence	




permeation	 coefficient	 variations	 that	 appear	 in	 figure	 11	 can	 be	 attributed	 to	




As	 it	 was	 stated	 in	 section	 2.2,	 the	 permeation	 coefficient	 is	 the	 product	 of	 the	
solubility	 coefficient	 and	 the	 diffusion	 coefficient.	 On	 the	 one	 hand,	 the	 hydrogen	
diffusion	coefficient	 in	Nafion®	 is	virtually	constant	with	pressure	 [13].	On	the	other	
hand,	 the	 hydrogen	 solubility	 coefficient	 in	 Nafion®	 membranes	 shows	 a	 similar	
tendency	 to	 the	 hydrogen	 solubility	 coefficient	 in	 water	 [9];	 and	 the	 hydrogen	
solubility	 coefficient	 remains	 constant	 with	 pressure,	 for	 pressures	 under	100	𝑎𝑡𝑚	
[26].	Therefore,	since	the	studied	pressure	range	is	markedly	under	100	𝑎𝑡𝑚,	it	can	be	
deduced	that	the	pressure	(in	the	studied	pressure	range)	has	a	negligible	effect	on	the	
hydrogen	 solubility	 constant	 of	 the	Nafion®	membrane.	 As	 a	 result,	 since	 both,	 the	
solubility	 and	 the	 diffusion	 coefficients,	 are	 constant	 with	 pressure,	 in	 the	 studied	




















fact	 that	 crossover	 flux	 varies	 linearly	 with	 the	 hydrogen	 partial	 pressure,	 as	 it	 was	









In	 conclusion,	 the	 proposed	 methodology	 makes	 possible	 to	 analyze	 both,	 the	




and	 drops	with	 the	 anodic	 one.	 An	 analogy	 between	 the	 clamping	 pressure/contact	
resistance	 and	 gas	 pressure/short-circuit	 resistance	 was	 proposed,	 and	 successfully	
explained	the	experimental	tendencies	of	the	short-circuit	resistance	with	pressure.	A	
potential	 model,	 based	 on	 the	 previous	 analogy,	 was	 built.	 The	 model	 was	 able	 to	
satisfactorily	 represent	 the	 experimental	 behaviour	 of	 the	 internal	 short-circuit	
resistance.	
	
On	 the	 other	 hand,	 the	 hydrogen	 crossover	 flux	 increases	 linearly	 with	 the	 anodic	
hydrogen	partial	pressure,	and	is	not	sensible	to	cathodic	pressure	variations.	A	pure	
diffusive	model	was	used	successfully	to	model	the	experimental	crossover	behaviour;	











𝐴	 	 Cell	effective	area	 𝑚, 		
𝐶8;? 	 	 Hydrogen	concentration	in	the	surface	of	layer	i	 𝑚𝑜𝑙	𝑚
1p 	
𝐷? 	 	 Hydrogen	diffusion	coefficient	in	layer	i	 𝑚,	𝑠1W 	
𝐷8;
O 	 	 Hydrogen	diffusion	coefficient	in	gas	phase	 𝑚,	𝑠1W 	
𝐹	 	 Faraday’s	constant	 𝐶	𝑚𝑜𝑙1W 		
𝐼	 	 Electric	total	current	 𝐴 		
𝐼$&'((	 	 Crossover	oxidation	electric	current	 𝐴 	
𝐼$&'((2		 Crossover	oxidation	limiting	current	 𝐴 	
𝐼#$ 	 	 Internal	short-circuit	electric	current	 𝐴 	
𝐽8,	$&'((	 Hydrogen	crossover	flux	 𝑚𝑜𝑙	𝑚1,	𝑠1W 	
𝐾8;BCD	 Hydrogen	solubility	constant	in	the	membrane	 𝑚𝑜𝑙	𝑚
1p	𝑃𝑎1W 	
𝑙? 	 	 Layer	i	thickness	 𝑚 	
𝑛	 	 Exchanged	number	of	electrons	
𝑃?	 	 Total	internal	pressure	of	compartment	i	 𝑃𝑎 	
𝑃8;
∗ 	 	 Hydrogen	effective	pressure	on	the	membrane	anodic	side	 𝑃𝑎 	
𝑅?1| 	 	 Diffusion	resistance	between	point	i	and	pint	j	 𝑚1W	𝑠1W 	
𝑅#$ 	 	 Short-circuit	resistance	 𝛺 	
𝑈B	 	 Applied	potential	difference	 𝑉 	




𝜀? 	 	 Porosity	of	layer	i		
𝜏? 	 	 Tortuosity	of	layer	i		
𝜓8;
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	 Experiment	1	 2	 15	 111979	 101021	 53743	
Experiment	2	 4	 15	 111979	 102591	 71198	
Experiment	3	 6	 15	 111979	 104162	 80517	













	 Experiment	5	 2	 35	 144954	 101021	 53743	
Experiment	6	 4	 35	 144954	 102591	 71198	
Experiment	7	 6	 35	 144954	 104162	 80517	












𝑷𝒂	 1.8322	 3	 0.6107	 45.70	 0.0053	
𝑷𝒄	 0.1863	 1	 0.1863	 13.94	 0.0335	
Residual	 0.0401	 3	 0.0134	 	 	












𝑷𝑯𝟐	 3.87 ∙ 101W,	 3	 1.29 ∙ 101W,	 1.70	 0.3372	
𝑷𝒄	 5.91 ∙ 101Wp	 1	 5.91 ∙ 101Wp	 0.78	 0.4430	
Residual	 2.28 ∙ 101W,	 3	 7.76 ∙ 101Wp	 	 	
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